are extraordinarily complicated phenomena and deterministic prediction of the magnitude, time and place of large earthquakes is likely to be intrinsically impossible. A more simple phenomenon, the build up of deformation which leads to the earthquake, can be monitored by the behaviour of seismic shear waves, and this offers a way of forecasting the proximity of large earthquakes. Recent results, including field observations of shear waves before earthquakes, laboratory experiments with stress cells, and theoretical modelling of microscale deformation, demonstrate that long-term precursory build-up of deformation can be monitored for some years before a large earthquake. There may even be the possibility of identifying short-term precursors a few hours or days before the earthquake. This paper suggests that reliable routine earthquake forecasting would require controlled seismic experiments between a specific pattern of deep wells.
Introduction
Earthquakes are complicated phenomena. Over 25 years of earthquake prediction studies have resulted in very little progress, and there is now a realization that deterministic prediction of earthquakes may well be impossible. The long-term forecasting techniques suggested here are monitoring a much simpler preliminary phenomenon, the build-up of deformation before the actual earthquake can occur. Large earthquakes are the release, usually by movement along a fault plane, of the energy stored by deformation (or strain) in substantial volumes of crustal rock. A large earthquake cannot occur without sufficient deformation, and this paper demonstrates how the build-up of deformation can be monitored by measurements of seismic shear-wave splitting between deep deviated wells.
Shear-wave splitting, analogous to optical bi-refringence in crystals and diagnostic of some form of effective anisotropy, is widely observed in the Earth's crust, whenever suitable three-component digital seismic instruments record shear waves at appropriate sampling rates (Crampin, 1994) . Shear waves are sensitive to the geometry of the microcracks in the rock along the ray paths, and worldwide observations of shear-wave splitting show that almost all rocks in the crust are pervaded by distributions of stress-aligned fluid-filled intergranular microcracks and intergranular pores leading to what is known as extensive-dilatancy anisotropy, or EDA (Crampin et al., 1984; Crampin, 1993a) . The phenomenon is illustrated schematically in Fig. 1 . The fluid-filled intergranular EDA-cracks are so closely spaced, even in what is thought of as intact rock, that the distributions of microcracks are comparatively close to the fracture criticality (meta-stability) of heavily-fractured rock (Crampin, 1994) . Differential horizontal stress acting on the rockmass partially aligns EDA-cracks, so that below about 1 km, where the minimum differential stress is horizontal, EDA-cracks are aligned into sub-parallel sub-vertical orientations approximately perpendicular to the direction of minimum horizontal compressional stress and striking sub-parallel to the dominant direction of maximum horizontal stress. Being so close to instability, these fluid-filled voids are the most compliant elements of the rockmass. If the stress changes, the internal geometry of the EDA-cracks also changes with the consequent changes in shear-wave splitting which allow the changes in stress to be monitored.
Changes in shear-wave splitting have been recognized before earthquakes Peacock et al., 1988) . These were interpreted as the response of shear waves to changing EDA-crack aspect ratios as strain increases before earthquakes, and an abrupt decrease in aspect ratios (and strain) at the time of, or in one case a few hours before , the onset of an earthquake. (Aspect ratio is the crack thickness divided by the crack diameter.) Numerical modelling now confirms the details of this interpretation and shows that stress-aligned EDA-cracks are a necessary result of the evolution of a fluid-saturated rockmass in a differential stress field (Crampin and Zatsepin, 1995, 1997) . Consequently, appropriate experiments measuring shear-wave splitting can be designed to recognize and monitor long-term, and possibly short-term, strain-precursors before imminent large earthquakes.
(Note that with our current understanding of the phenomena, the exact epicenter of the impending earthquake would not be identified by these techniques. However, once a long-term strain-precursor has been recognized, it would be possible to institute other geophysical and geological investigations in an attempt to estimate the potential source location more accurately.) This paper reviews the evidence for distributions of stress-compliant EDA-cracks in crustal rocks, reviews the observational and theoretical evidence for changes in EDA-crack geometry before earthquakes, and discusses how to implement measurements in possible scenarios for long-term and short-term forecasts of earthquakes. The terminology for shear-wave anisotropy is that suggested by Crampin (1989 Crampin, 1994) . The panels represent approximate 2D horizontal cross-sections of 3D distributions of penny-shaped microcracks (Hudson, 1980 (Hudson, , 1981 , showing the average alignment of distributions of EDA-cracks with a range of orientations with normals distributed about the direction of minimum compressional stress. et al., 1988; . Note the anisotropic symmetry of such evolved cracks is always orthorhombic Crampin, 1995, 1997 . It has been pressure. The dashed line is evaluated for the same stress history but for water at temperatures and pressures at a 10 km-depth, approximately halfway along the average ray path for these earthquakes suggested that this repeated activity with predictable precursors makes isolated swarms particularly important for investigating earthquake preparation zones .) (Note that the critical observations showing temporal changes in shear-wave splitting at Anza (Peacock et al., 1988; were not reproduced when Aster et al. (1990) measured time delays between split shear-waves on the same data set with an automatic technique. showed that the automatic technique of Aster et al. (1990) introduced factor-of-two errors into measurements of the time delays. Since the whole measured variation only had a range of a factor of two (see Fig. 4 , below), the automatic technique was clearly inadequate to measure temporal variations effectively and the original observations of Peacock et al. (1988) , and are still valid.)
The one example where the abrupt change occurred a few hours before an impending earthquake suggests that it may also be possible to establish short-term forecasts. Since the earthquake where short-term variations were observed is the only event with sufficient earthquake-generated data for such variations to be visible, it is possible that short-term precursors in crack geometry are more common than this single example would suggest. Even in the absence of short-term precursors in shear-wave splitting, once a long-term precursor has been established, other investigations could be initiated to search for short-term precursors.
The laboratory experiments of Cruts et al. (1995) , measuring 1 MHz shear waves in triaxially-stressed 20 cm sandstone cubes, also confirmed that (comparatively) small changes of strain modify microcrack geometry to produce changes in shear-wave splitting. These experiments were on dry specimens (the "drained" condition, Zatsepin and Crampin, 1997) . Consequently, differential stresses up to 10 MPa were required to produce changes in shear-wave velocity anisotropy of about 3% caused by changes in crack density. There are no pressure-induced increases of aspect ratio in dry specimens, and the anisotropy is only due to crack closure of an initially nearly-random distribution of cracks. The more subtle effects of changes of aspect ratio observed before earthquakes , in liquid-filled cracks typical of most rocks in situ, are expected to be the result of variations of stress perhaps an order of magnitude smaller.
Possible Scenarios for Monitoring Strain Changes before Earthquakes
The typical configuration of stress in the Earth's crust is that below about 1 km-depth the direction of minimum stress is horizontal , so that EDA-cracks are oriented, like hydraulic fractures, vertically and approximately perpendicular to the direction of minimum stress, as suggested in Fig. 1 , and as was used in the interpretation of Fig. 4 . The behaviour of shear waves in distributions of cracks with a range of orientations is typically very similar to that in wholly parallel cracks about the mean direction (Liu et al., 1993) , consequently we can simulate the effects in the crust by modelling wholly parallel cracks. The diagrams in Fig. 5 show the variations of shearwave velocities in distributions of parallel vertical cracks in the crust. The shear-wave velocity variations are shown in a plane perpendicular to the crack face for three crack distributions: (a) a typical distribution in the crust of thin cracks with crack density = 0.02 and aspect ratio (thickness over diameter) y = 0 .01 excited by swarms of small earthquakes beneath seismic recording stations. Such earthquake swarms, if available in appropriate regions, should certainly be used as a source of shear wave, however, the duration and continuity of swarm activity are unpredictable, and swarm activity can be no substitute for controlled source experiments.
In particular, continuous earthquake activity for routine monitoring purposes cannot be guaranteed. Consequently, the possibility of identifying critical important short-term precursors from shear-wave splitting immediately before the impending event may not be possible because of the absence of swarm events at critical times as occurred at Anza . The absence of small events could be by chance or it could be precursory, but in either case, the absence of source events would mean that, at a critical time, the variations of shear waves could not be used for monitoring purposes. Consequently, it is necessary to control the source of the shear-wave signals, and several possible controlled source experiments to monitor strain-induced changes to shear-wave splitting at depth in the crust are outlined in the next section. These long-term strain precursors could be recognized and monitored by time-lapse analyses of controlled-source seismic measurements of shear-wave splitting in appropriate source-to-geophone geometries repeated every few months, so some other appropriate interval. The design of such experiments is discussed below. The time for the accumulation of strain and the volume of rock deformed is likely to be some function of the size of the eventual earthquake, and evidence suggests that the strain before a magnitude M= 6 or larger earthquake ) is likely to need several years to accumulate in a volume tens to possibly hundreds of kilometers in diameter. This should give enough time and volume for the strain-induced changes to be recognized before a large earthquake. In contrast, for an M=3.6 earthquake , the strain is accumulated over several days in a volume probably less than 10 km in diameter. If such changes can be identified in the field, the long-term forecasting of large earthquakes seems a practicable possibility.
Consequently, we seek a source-to-geophone recording geometry for the recognition of strain-induced changes in the internal geometry of stress-aligned intergranular microcracks by identifying changes in the three-dimensional pattern of shear-wave splitting.
Underlying assumptions
4.1.1 Free fluids It is assumed that the rocks sampled by the shear waves are saturated with free fluids even if the porosity is very low. This is true of the vast majority of crystalline rocks in which most earthquakes take place, as well as almost all sedimentary rocks. Zatsepin and Crampin (1997) demonstrated that such a fluid-saturated rockmass when subjected to a crustal-type strain field necessarily evolves to aligned distributions of EDA-cracks displaying azimuthal anisotropy. (The only published case study known to the authors where a rock does not display azimuthal anisotropy over a substantial thickness is the 1,200 km of shaley clay in the Caucasus Oil Field (Slater et al., 1993) . The clay contains water but the water is chemically and electrically bound to the grain surfaces. Consequently, there are no free fluids and no fluid-filled voids (EDA-cracks) to be aligned by differential horizontal stress.) 4.1.2 Strain build-up in earthquake preparation zones It is assumed that there is a build-up of strain before an impending large earthquake in the crust, which is manifest as a build-up of strain in the uppermost 2 or 3 km of the crust. It would be possible to monitor a build-up of strain in deeper rocks, but this would be increasingly expensive and is probably unnecessary.
4.1.3 Stress/strain orientation For all rocks below the level where the increasing vertical (overburden) stress equals the minimum horizontal stress (usually less than 1 km-depth), the minimum stress is horizontal so that EDA-cracks are distributed sub-vertically, sub-parallel to the maximum horizontal stress , as illustrated schematically in Fig. 1 . The suggested monitoring techniques assume EDA-cracks distributed about parallel vertical directions as is implied by almost all observations of shear-wave splitting. If other stress orientations and crack geometries were found, it would be comparatively easy to monitor with slightly different recording geometries, but this is thought unlikely to be necessary.
Need to monitor sub-surface rocks below 1 km-depth
There are several reasons why it is necessary to monitor the EDA-crack deformation below 1 or 2 km-depth.
4.2.1 Near-swface scattering and absorption The uppermost kilometer of the crust is typically characterized by heterogeneities and fractures which cause severe seismic attenuation (Leary, 1995b) . Thus, propagation through the uppermost kilometer typically limits frequencies of shear waves to less than about 40 Hz except along very short ray paths. Consequently, high-frequency highresolution recordings of shear-wave splitting need to be made below the 1 km-depth.
4.2.2 Near-surface stress alignment Regular uniform stress alignments can only be expected below the level (typically less than 1 km-depth) at which the minimum compressional stress is horizontal . Above this level, stress alignments may be heterogeneous and discontinuous, which is likely to disturb shear-wave splitting and make it difficult to interpret crack alignments and crack behaviour correctly (Crampin, 1994) .
4.2.3 Need to sample intact homogeneous rockmass Rocks at depth are nearer the earthquake source and further away from near-surface anomalies. Consequently, it is likely that the effects of strain-induced modifications to EDA-crack geometry will be most easy to image and interpret in homogeneous rocks below a depth of 1 or 2 km. Figure 5 shows equal-area polar projections of the polarizations and time delays between split shear waves in what is believed to be the most likely configuration of EDA-crack geometry: sub-vertical sub-parallel microcracks. The most likely straininduced change is a change in aspect ratio Zatsepin and Crampin, 1997) , and Figs. 5 and 6 show that the most distinctive effect of changing aspect ratio is a relative change in time delays between about 15 and 450 to the dominant plane of the EDA-cracks, as was observed at Anza (Peacock et al., 1988; . This means that the shear waves need to be monitored over (1) where x and z are the horizontal and vertical deviations measured from the top of the rock volume to be sampled, a is the depth of the three-component geophone (or the center of a vertical string of geophones) in the sampled volume, and y is the angle of incidence in radians from the geophone to the source. A value of a of about 1 km (giving a source to geophone distance of close to 0.5 km) is likely to be optimum for estimating time delays of 1 to 8 ms/km, and the discussion of borehole takeoff angles in the last paragraph of Subsection 4.4.3, above should be noted. This geometry provides the optimum chances for monitoring temporal changes in time delays. Although the initial drilling would be expensive, the routine observations would be comparatively inexpensive. These attributes are summarized in Table 1 . The above discussion shows that the only viable option for routine monitoring of changes in deformation is crosswell shear-wave measurements between three deep deviated wells. Such monitoring experiments for long-term and short-term forecasts would be comparatively expensive, see Table 1 , but the expense might be justified in areas that are thought to be particularly vulnerable, particularly sensitive, or where the occurrence of a large earthquake is thought to be imminent.
Three-dimensional constraints

Potential Benefits
Using shear-wave splitting to monitor changes in strain before earthquakes has substantial advantages over searching for other earthquake precursors.
Universality
Almost all rocks contain intergranular microcracks and pores (Kranz, 1983; Simmons and Richter, 1976) , and almost all rocks contain free fluids (Fyfe et al., 1987) which are frequently at high pore-fluid pressures (Neuzil, 1995) . Consequently, almost all rocks contain distributions of stress-aligned fluid-filled intergranular EDA-cracks (Crampin, 1994) . Field observations (see references in INTRODUCTION), laboratory experiments (King et al., 1994; Cruts et al., 1995) , and numerical modelling with APE Crampin, 1995, 1997; Crampin and Zatsepin, 1995, 1997) suggest that the microcrack geometry, in particular crack aspect ratio, is critically sensitive to small changes in strain. Such changes are almost transparent to P-wave propagation, but shear-wave splitting carries detailed three-dimensional information about the EDA-crack geometry along the ray path (Crampin, 1981) . Figures 5 and 6 show that such changes in aspect ratio can be recognized by changes in the three-dimensional pattern of time delays between the split shear waves.
Since shear-wave splitting contains information about the three-dimensional pattern of time delays and shear-wave polarizations, sampling appropriate ray paths with shear waves can, in principle, resolve any orientation of any stress-induced microcrack geometry. Consequently, appropriate shear-wave experiments are capable of monitoring the build-up of strain caused by any stress orientation in rock that is sufficiently deep (probably below 1 km) to avoid near-surface distances to shear-wave propagation. This sensitivity means that, in principle, even quite subtle changes in strain can be resolved for any crack or stress geometry by monitoring with sufficiently high-frequency shear waves over comparatively short (say, 500 to 1,000) ray paths.
Consequently, if we assume that large earthquakes in the crust are the result of a sudden release of strain following a comparatively slow build-up, as seems indisputable, the techniques outlined in Table 1 can always monitor the precursory changes in strain before earthquakes if the deformation is large enough to cause significant changes in time delay. (Crampin and Lovell, 1991; Crampin, 1993a Crampin, , 1994 . The tightly constrained numerical modelling of Zatsepin and Crampin (1997) and Crampin and Zatsepin (1997) , closely matching the general behaviour of shear waves as well as the observed behaviour before earthquakes, strongly suggests that the underlying hypotheses are correct. Consequently, if appropriate techniques to monitor changes in shear-wave splitting can be devised, as outlined in Section 4, monitoring changes of strain before earthquakes for establishing long-term stress-precursors to large earthquakes appears practicable, and there is even the chance that short-term stress-precursors to large earthquakes may also be identified.
Discussion
The APE model suggests that the precursory sequences before earthquakes observed by , Booth et al. (1990) , Liu (1995) , and Gao et al. (1997) are monitoring the build-up of strain in the crust. Observations of shear waves, if analyzed at the time, would have provided a measure of the amount of the stored strain, and hence the potential magnitude of the eventual earthquake by the duration of the increase in time delays. This would provide a long-term forecast for a larger earthquake.
The observations of shear-wave splitting suggest that there is a very narrow range of permissible crack densities in intact rock, with most rocks close to the fracture criticality limit (Crampin, 1994) . Stress-aligned fluid-filled EDA-cracks may be considered as the smallest, most compliant, elements of the fractal distributions of fractures identified in many different rock types (Heffer and Bevan, 1990; Leary, 1991; Yielding et al., 1992) . These reports showing plots of number of fractures and faults against fracture size also imply crack densities very close to fracture criticality . Once crack distributions approach fracture criticality, even locally, through-going fractures can propagate and earthquakes occur. With present knowledge, identifying a precursory sequence of variations in shear-wave splitting appears to give some indication of the magnitude of the impending earthquake by the duration of the increasing time delays but, to our present understanding, does not indicate the distance or the direction of the impending event. However, once a precursory variation in shear-wave splitting has been identified, other geophysical techniques could be centered around the recording site to attempt to locate the epicenter of the impending event more exactly.
Note also that a large earthquake is an extremely complicated event where strain is released over an enormous volume by slippage along a fault plane which may be hundreds of kilometers in length. It may not be possible to decide which part of the fault slips first; in particular, whether it is the initial slip, the final stopping phase, or some phenomenon in between which will give the largest intensities (and damage) at the surface. The arguments presented here indicate that the long-term build-up of strain before large earthquakes can be recognized and large earthquakes forecasted.
Conclusions
The basis for monitoring changes of strain before earthquakes is summarized in Table 2 . Rocks are pervaded by closely-spaced distributions of fluid-filled intergranular Table 2 . The basis for monitoring changes of strain before earthquakes: summary.* microcracks and intergranular pores (EDA-cracks), which are the most compliant elements of the rockmass, so EDA-crack geometry responds almost immediately to changes in strain. These changes can be routinely monitored by analyzing seismic shear waves. These claims have been supported with a wide range of directly and indirectly associated studies of observations of shear-wave splitting, reviewed by Crampin (1994) . The underlying theoretical basis is physically plausible, and accurately models the evolution of a fluid-saturated rockmass and the dynamic response before earthquakes Crampin and Zatsepin, 1997) . It is worth noting that the ideas presented here for monitoring precursory changes of stress and strain before earthquakes are supported: by field observations before five earthquakes; by laboratory observations of changes in shear-wave splitting in true triaxial stress cells; and now by a comprehensive APE model for the behaviour of stressed fluid-saturated rockmass. This is a substantially better supported proof of concept than any other scheme to investigate earthquake precursors currently suggested. This is not predicting earthquakes directly but is a much more fundamental investiga-tion, monitoring the necessary build-up of strain before a large earthquake can occur. A critical stress, SC, is reached (bottom left) when cracks perpendicular to the stress first begin to close. The overall distribution immediately becomes aligned and anisotropic so that the seismic velocities vary systematically with direction. APE modelling shows that this minimum shear-wave velocity anisotropy when cracks normal to the critical stress first begin to close is about 1%, which is close to the 1.5% shear-wave velocity anisotropy observed in the field (Crampin, 1994) . The distribution of cracks at the critical stress in the microscale modelling in Fig. A1 (b) (bottom left) has many similarities to the distribution in Fig.2 , inferred from the minimum shear-wave anisotropy observed in the field with frequencies ranging over three orders of magnitude (4,000 to 5 Hz).
The most obvious effect of this anisotropy is to split seismic shear waves into two polarizations which travel at different velocities, as illustrated schematically in Fig. 1 . Such shear-wave splitting is observed in almost all rocks (Crampin, 1994) so most rocks in the crust are effectively anisotropic. Consequently, it can be inferred that the critical stress, sC, is small and less than the differential horizontal stress almost everywhere in the crust. (We refer to rocks below a depth of, say, 1 km. 
